SUMMARY
INTRODUCTION
NASA Lewis Research Center is currently conducting studies associated with several national space programs. One such project is the Advanced Communication Technology Satellite (ACTS) scheduled for launch in 1989 (fig. 1 ). The present design of the ACTS incorporates five antennae In the form o f two main reflectors and three subreflectors. Used in this configuration for communication purposes, the antenna reflectors must be designed for tightly controlled thermal distortions, slnce relatively small mismatches in thermal expansions and thermal conductivities can produce structural deformations which would adversely affect the transmitted signal.
As a result, sandwich-type structures consisting of composite face sheets and honeycomb cores are often selected for the design of the antenna reflectors since the composite laminate face sheets can be optimized to provide a coefficient of thermal expansion of zero. composite mechanical and thermal properties, it is quite difficult to conduct the structural and thermal analyses required to verify the design.
However, due to the -lack of available Therefore, the computer code ICAN (Integrated Composites Analyzer) was used to conduct a parametric study of the composite laminate face sheets and sandwich structures proposed for the design of the satellite. ICAN, which is a portable program developed at Lewis Research Center to analyze/design fiber composite structures, was used to analyze the main reflector of the satellite which is the topic of this paper.
In particular,
F i v e m a t e r i a l systems were selected as candidates f o r t h e face sheets: f o u r high-modulus f i b e r s , low-cure temperature r e s i n s and one h y b r i d . Param e t r i c studies were conducted w i t h various f i b e r volume r a t i o s using quasi- f a c i n g t h e sun t o -250 O F (-157 "C) when away from t h e sun (cryogenic).
wise, t h e moisture content varies from 1 percent on e a r t h t o 0 percent i n space. I n addition, analyses were conducted f o r room temperature/dry c o n d i t i o n s t o e s t a b l i s h a baseline f o r comparison.
The temperature v a r i e s from 250 O F (121 "C) when LikeFrom t h e r e s u l t s o f the study, t h e s e l e c t i o n o f s u i t a b l e face sheet conf i g u r a t i o n s was based upon a prescribed c r i t e r i a : zero o r near zero c o e f f ic i e n t o f thermal expansion. s t r u c t u r e s comprised o f the s e l e c t laminate face sheets w i t h an aluminum honeycomb core. The f l n a l s e l e c t i o n o f t h e sandwich c o n f i g u r a t i o n f o r t h e design o f t h e main antenna r e f l e c t o r was made using t h e same prescribed c r i t e r i a .
I C A N was then used t o analyze t h e sandwich
Several I C A N p r e d i c t e d thermal p r o p e r t i e s ( c o e f f i c i e n t o f thermal expansions, thermal c o n d u c t i v i t y and heat capacity) and mechanical p r o p e r t i e s ( e l a s t i c and shear moduli and Poisson's r a t i o ) a r e presented g r a p h i c a l l y as a f u n c t i o n o f f i b e r volume r a t i o , temperature, and moisture f o r both t h e compos i t e face sheets and sandwich s t r u c t u r e s . These r e s u l t s a r e a l s o compared t o l i m i t e d experimental data generated i n the ACTS program. I n a d d i t i o n , t h e c o n s t i t u e n t properties o f t h e composite systems, t h e analyses methods incorpor a t e d i n t h e I C A N code, and problems r e l a t e d t o composites i n the space environment a r e dlscussed. 
INTEGRATED COMPOSITES ANALYZER
The computer code I C A N ( I n t e g r a t e d Composites Analyzer) has been developed I C A N i s a s y n e r g i s t i c combint o analyze/deslgn f i b e r composite s t r u c t u r e s ( r e f . 1 ) . The program includes composite mechanics theories which r e s u l t e d from extensive research conducted over t h e past 1 5 years a t Lewis Research Center. a t i o n o f two other NASA Lewis developed codes: MFCA ( M u l t i l a y e r e d F i b e r Composites Analysis) and INHYD ( I n t r a p l y Hybrid Composite Design).
MFCA ( r e f . 2) i s e f f l c l e n t i n p r e d i c t i n g t h e s t r u c t u r a l response o f m u l t ilayered f i b e r composites given the c o n s t i t u e n t m a t e r i a l p r o p e r t i e s , f a b r i c a t i o n process, and composite geometry. INHYD ( r e f . 3) Incorporates several composlte micromechanics theories, i n t r a p l y h y b r i d composite theories, and a hygrothermomechanical theory t o p r e d l c t t h e mechanical, thermal, and hygral p r o p e r t i e s o f i n t r a p l y h y b r i d composites. I C A N u t i l i z e s the micromechanics design o f INHYD and t h e laminate theory o f MFCA t o b u i l d a comprehensive analysis/design capab i l i t y f o r s t r u c t u r a l composites. Features unique t o ICAN include: (1) p l y s t r e s s -s t r a i n influence c o e f f i c i e n t s , ( 2 ) microstresses and microstress i n f l u e n c e c o e f f i c l e n t s , ( 3 ) stress-concentration f a c t o r s a t a c i r c u l a r hole, ( 4 ) p r e d i c t i o n s o f probable delamination l o c a t i o n s around a c i r c u l a r hole, (5) Poisson's r a t i o mismatch d e t a i l s near a s t r a i g h t f r e e edge, ( 6 ) f r e e edge stresses, ( 7 ) material cards f o r t h e general purpose f i n i t e element a n a l y s i s programs NASTRAN (COSMIC and MSC) and MARC, ( 8 ) laminate f a i l u r e stresses based upon f i r s t p l y f a i l u r e and f i b e r f r a c t u r e c r i t e r i a , w i t h and w i t h o u t hygro-thermal degradation, ( 9 ) transverse shear stresses and normal stresses, (10) e x p l i c i t s p e c i f i c a t i o n of i n t r a p l y layers, and (11) delamination o f these layers due t o adjacent p l y r e l a t i v e r o t a t i o n . I n a d d i t i o n , ICAN possesses another unique f e a t u r e i n i t s r e s i d e n t data bank which houses t h e c o n s t i t u e n t ( f i b e r / m a t r i x ) p r o p e r t i e s . The f i b e r i s entered i n t o t h e data bank as a four character coded name followed by t h e physical, e l a s t i c , thermal, and strength r e l a t e d p r o p e r t i e s . Likewise, t h e m a t r i x i s entered w i t h a f o u r character coded name w i t h t h e same p r o p e r t i e s and an a d d i t i o n a l card f o r miscellaneous properties. Years o f l i t e r a t u r e searches and in-house experimental programs on m a t e r i a l s c h a r a c t e r i z a t i o n have r e s u l t e d i n t h e compilation o f t h e e x i s t i n g data bank. user has t h e a b i l i t y t o add new constituent m a t e r i a l s t o t h e data bank as they appear i n t h e l i t e r a t u r e .
Designed t o be open-ended, t h e
I n p u t parameters o f I C A N include: s e l e c t i o n o f m a t e r i a l system, f i b e r volume r a t i o (FVR), laminate configuration, f a b r i c a t i o n f a c t o r s , and environmental and loading conditions. A sample i n p u t data s e t i s shown i n f i g u r e 2 where t h e parameters a r e transparent t o the user. Also shown, a r e t h e propert i e s o f t h e c o n s t i t u e n t s (used i n the sample) as they appear i n t h e data bank.
The complete documentation of ICAN w i t h compiled l i s t i n g , user i n s t r u ct i o n s , p r o g r a m e r ' s manual and sample cases f o r each o p t i o n i s a v a i l a b l e i n reference 4.
Software Management and Information Center, S u i t e 112, Barrow H a l l , Athens, Georgia 30602.
The program w i l l soon be made a v a i l a b l e through COSMIC-Computer
PARAMETRIC STUDIES OF COMPOSITE FACE SHEETS
Reflectors used f o r communication s a t e l l i t e s must be designed f o r t i g h t l y c o n t r o l l e d thermal d i s t o r t i o n s . A s l i g h t d e v i a t i o n i n t h e geometry o f the design caused by mismatches i n c o e f f i c i e n t o f thermal expansions (CTE) can produce s i g n i f i c a n t d i s t o r t i o n i n the s a t e l l i t e ' s t r a n s m i t t e d s i g n a l t o earth. I n f a c t , a requirement f o r t h e ACTS r e f l e c t o r s i s t h a t t h e surface must be f a b r i c a t e d t o an accuracy o f 20.002 I n . (0.0508 mm) RMS (Root Mean Square).
To achieve t h i s requirement, the f i r s t phase o f t h e main antenna r e f l e c t o r design i s t o s e l e c t a composite material system from which t o f a b r i c a t e t h e face sheets. The face sheets are i n i t i a l l y designed since the laminate can be configured such t h a t t h e CTE i s e i t h e r zero o r negative, which i s t h e primary design c r i t e r i a f o r the r e f l e c t o r . ICAN was used t o analyze f i v e candidate composite systems f o r t h e face sheet s t r u c t u r e s . Two o f these composite systems, Thornel 300 g r a p h i t e f i b e r / F i b e r i t e 934 r e s i n and Kevlar/epoxy a r e widely used and have been successful i n other aeronautics/space a p p l i c a t i o n s . Two o t h e r composite systems, which are r e l a t i v e l y new i n t h e composite community, Thornel carbon f i b e r P75 and Thornel g r a p h i t e f i b e r P l O O w i t h F i b e r i t e 934 r e s i n , were selected f o r consideration since they were marketed as low CTE m a t e r i a l s . P75 composites. 0.6 and 0.7.
While most c u r r e n t materials are supplied w i t h a FVR o f 0.62, o f t e n t h e f i b e r content i n prepregs i s batch dependent. Therefore, t h r e e FVRs were used t o account f o r t h i s . With a p l y thickness o f 0.005 i n . (0.127 mn), F i n a l l y , one h y b r i d was selected f o r t h e study using t h e Kevlar and Each composite system was modeled w i t h I C A N using FVRs o f 0. Figure 3 shows the CTE for the Thornel 300/Fiberite resin (T3001934) composite. Prior to the analysis, T300/934 was a potential choice for the face sheets due to its widespread usage on existing aeronautics/space structures. However, for all temperature ranges, the CTE is positive. Thus, T300/934 is eliminated from the study. Kevlar (Kevl) prepreg Is available from several vendors, each using different resins. For the ICAN analysis, the constituent properties of the Fiberite 934 resin were used. The CTE for Kevl/934 is presented in figure 4. For the thermal range shown, the CTE becomes negative at a FVR of 0.63 at the cryogenic temperature and at the high temperature, a FVR of 0.66 is required to generate a negative CTE. Therefore, to design the main reflector face sheets from Kev1/934, a prepreg with 66 percent FVR is needed. While it is probably possible to manufacture this prepreg, the sensitivity of the main reflector requires a greater margin of safety. Based upon this, therefore, Kev1/934 Is also eliminated from the study. Before analyzing the high-modulus fiber composites, the constituent properties for the Thornel P75 and PlOO fibers were collected and inserted into the ICAN data bank. Vendor data sheets provide approximately half of the required 17 properties. with those from existing high-modulus fibers in the data bank. are shown in figures 5 and 6 for the P75/934 and P100/934 systems, respectively. Since the composite was marketed as a low CTE material, the results come as no surprise. In figure 5 , the P75/934 CTE becomes negative at a FVR of approximately 0.55, which is an attractive design quality. In figure 6 , the P100/934 exhibits negative CTE for all given conditions. Due to this behavior, both materials are candidates for the final face sheet design.
The others are substituted
The CTE results
As previously mentioned, one composite hybrid material system was selected for the study. The hybrid consisted of 60 percent Kev1/934 and 40 percent P75/934. It was analyzed under the same conditions and the ICAN predicted results are shown in figure 7. The CTE becomes negative at a FVR of 0.62. The hybrid does meet the design requirements; however, when compared to the P75/934 and P100/934 results it 1s no longer a competitive candidate. additlon, the fabrication procedure for hybrids is more complex, making hybrids more susceptible to inadvertent errors such as misalignment of tape width and tape positioning.
In
The CTEs behaved i n t h e same manner f o r a l l m a t e r i a l systems. I n p a r t l cu l a r , t h r e e trends were observed regarding t h e environmental conditions. For a given laminate: (1) t h e CTE i s greater when 1 percent moisture i s present, e s p e c i a l l y a t higher temperatures, (2) t h e CTE increased w i t h increasing temperature, and (3) 
as t h e FVR increases, t h e CTE decreases. R e c a l l i n g t h a t t h e m a t r i x f o r a l l t h e composites i s an epoxy r e s i n , t h i s behavior i s expected.
Thus, based upon t h e ICAN results, P75/934 and P100/934 a r e t h e f i n a l m a t e r i a l candidates. Although P100/934 d i d have a l l negative CTEs, t h e exorb i t a n t p r i c e o f t h e m a t e r i a l (more than t h r e e times per pound t h e c o s t o f P75/934) e l i m i n a t e d i t from t h e survey due t o c o s t r e s t r a i n t s i n t h e ACTS program; therefore, P75/934 was chosen f o r t h e f i n a l design. A d d i t i o n a l p r o p e r t i e s p r e d i c t e d by I C A N f o r the P75/934 laminate a r e presented i n f i g u r e s 8 t o 12. Figure 8 
displays t h e thermal c o n d u c t i v i t y (K) f o r various FVRs. As temperature and FVR increase, K increases. Moisture c o n t r i b u t e s t o i n c r e a s i n g K which i s most noticeable a t 250 O F (121 ' O C ) .
The heat capacity ( C ) i s shown i n f i g u r e 9. Independent o f d i r e c t i o n and laminate c o n f i g u r a t i o n , C increases w i t h temperature.
I n the cryogenic range, FVR has l i t t l e e f f e c t on C, b u t as t h e temperature increases, C decreases w i t h increasing FVR. As was observed f o r t h e other thermal properties, moisture increases C, p a r t i c u l a r l y i n t h e higher thermal range.
The mechanical p r o p e r t i e s are presented i n f i g u r e s 10 t o 12. Shown i n Figure 10 , t h e e l a s t i c modulus, Ecxx (Ecxx = Ecyy), i s f o r a l l p r a c t i c a l purposes independent o f temperature and moisture. For a prepreg having a FVR o f 0.6220.02, E ranges from 23 t o 24 m p s i (1.58 t o 1.62~1011 GPa)). The shear modul u s decreases w i t h moisture f o r a l l temperatures i n f i g u r e 11. As a r e s u l t , t h e shear modulus w i l l be greater i n a space environment where moisture i s known n o t t o be a problem. The shear modulus increases s u b s t a n t i a l l y w i t h decreasing temperature. When facing t h e sun d u r i n g o r b i t , t h e shear modulus i s almost 1.7 times smaller than t h a t I n t h e cryogenic p o r t i o n o f o r b i t . F i n a l l y , i n f i g u r e 12, Poisson's r a t i o (NU) f o r t h e P75/934 laminate i s p l o t t e d . As FVR Increases, NU decreases. Once again, f o r each temperature analyzed, moisture decreases t h e value o f NU.
For t h e communication s a t e l l i t e , t h e c r i t i c a l design parameter i s t h e CTE. However, depending on t h e s t r u c t u r e and i t s function, any one o f these propert i e s discussed and how they r e a c t under t h e environmental conditions can be o f c r i t i c a l importance i n the design. A l l o f these p r o p e r t i e s are required f o r a d d i t i o n a l d e t a i l e d mechanical and thermal analyses.
I n f a c t , I C A N generates t h e m a t e r i a l cards f o r f i n i t e element a n a l y s i s codes such as NASTRAN and MARC.
PARAMETRIC STUDIES OF THE SANDWICH STRUCTURE
The antenna r e f l e c t o r i s designed as a symmetric sandwich w i t h composite laminate face sheets, adhesive layers, and a honeycomb core ( f i g . 13). When i n v e s t i g a t i n g t h e face sheets, t h e primary design c r i t e r i a was the mismatch i n CTEs between f i b e r and m a t r i x and how t h e space environment would a f f e c t i t . For t h e sandwich s t r u c t u r e , I C A N i s used t o i n v e s t i g a t e t h e mismatch i n CTEs between t h e sandwich components: face, adhesive, and core. Once again, t h e zero ( o r near zero) CTE design c r i t e r i a i s enforced so t h a t the sandwich can meet t h e 0. sis, the material properties for the adhesive were obtained from the vendor and a corresponding fiber and matrix were created and added to the data bank. honeycomb cores were selected for the parametric study: Hexcel-Aluminum and DuPont-Nomex.
Prior to the analyIn this paper, only the aluminum honeycomb will be discussed. ICAN was deslgned for the analysis of continuous fiber composites. Therefore, a technique was developed to transform the honeycomb core into an equivalent homogeneous material which, in turn, could be transformed Into the fiber and matrix format required for the data bank. This technique is described in detail in reference 5. predict equivalent properties for a honeycomb core made from any material. A procedure was then developed to use these approximate equations in conjunction with composite mechanics in order to simulate sandwich thermal/structural behavior. This procedure is embedded in the ICAN coiie as a separate version and is identified as ICAN/SCS for Sandwich Computational Simulation. time, this special version of ICAN is not publicly available, but will be in the near future.
Briefly, a set of simple equations were generated to At this Using ICAN/SCS, the parametric study was conducted on the sandwich with an emphasis on the thermal conditions of a geosynchronous orbit. Therefore, the ICAN results for the sandwich are presented graphically as a function of temperature for both 0 and 1 percent moisture. The thermal properties for the sandwich are predicted in figures 14 to 17. The critical property, CTE, is shown in figure 14 . The in-plane CTEs are approximately 1.3 pin/in O F which is acceptable for the antenna reflector design. Although moisture has no effect on the CTE, the honeycomb core produces a slight variation in the' In-plane values. Since the results are plotted as a function of temperature, note that the in-plane CTE for the sandwich structure does not vary with the temperatures encountered in space. On the other hand, the through-thethickness CTE is considerably greater (about 10 to 20 times) and increases significantly with increasing temperature. The thermal conductivity ( K ) is shown for the longitudinal and transverse directions in fjgures 15 and 16 respectively. Due to the inherent properties of the aluminum honeycomb, there is a small variation in the values. K is slightly higher in the longitudinal direction. K is also more sensitive to temperature than the CTE, particularly at the higher range. Finally, in figure 17, the heat capacity (C) is independent of moisture content, but very sensitive to temperature.
Graphical results for the mechanical properties (elastic and shear moduli) are shown in fjgures 18 and 19, respectively. The elastic modulus (E) in figure 18 appears to be sensitive to higher temperatures, causing a decrease in value. However, the selected scale is an expanded one, so in actuality, E is not that sensitive to temperature. As was observed for the face sheets, E for the sandwich structure also decreases with moisture. The shear modulus in figure 19 does reflect a sensitivity to higher temperatures producing a lower value for the shear modulus. increasing temperature as expected from the face sheet shear moduli (fig. 11 ).
The shear modulus decreases substantially with
Using ICAN, the proposed design of the antenna reflector was modeled as a According sandwich structure. employing the thermal and hygral conditions of a space environment.
The behavior of the structure was then investigated by t o t h e p r o p e r t i e s presented, herein, t h i s p a r t i c u l a r design meets t h e s p e c i f ic a t i o n s f o r a c o m u n i c a t i o n s a t e l l i t e . Now, these r e s u l t s f o r t h e main r e f l e ct o r can be used i n a d d i t i o n a l studies on t h e e n t i r e s a t e l l i t e c o n f i g u r a t i o n . As was p r e v i o u s l y mentioned, I C A N has been established as an e f f e c t i v e t o o l f o r t h e p r e l i m i n a r y design o f composite structures. a r e compared t o data from several experimental programs. The c o r r e l a t i o n o f t h e p r o p e r t i e s rendered Confidence I n t h e p r e d i c t i v e c a p a b i l i t i e s i n ICAN. For t h e ACTS p r o j e c t , a p a r a l l e l experimental program ( r e f . 7) i s being conducted, from which s e l e c t room temperature properties f o r t h e P75/934 laminate face sheets a r e presented i n t a b l e 1 along w l t h t h e I C A N p r e d i c t i o n s . The good corr e l a t i o n which e x i s t s y i e l d s a d d i t i o n a l confidence i n t h e I C A N r e s u l t s .
I n reference 6, I C A N r e s u l t s
SUMMARY AND CONCLUSIONS
The thermal behavior o f t h e main r e f l e c t o r of t h e ACTS was I n v e s t i g a t e d using t h e i n t e g r a t e d composite mechanics incorporated i n t h e I C A N computer code. The impetus f o r t h i s parametric study i s t h e l a c k o f an e x i s t i n g data base on t h e hygrothermomechanical properties o f composites, p a r t i c u l a r l y i n a space environment. nate face sheets and then f o r t h e sandwich s t r u c t u r e which simulates t h e main r e f l e c t o r design. t h e face sheets and sandwich were presented as a f u n c t i o n o f FVR and temperature, respectively, w i t h an emphasis on t h e CTE. The CTE i s t h e c r i t i c a l design parameter since r e l a t i v e l y small d e v i a t i o n s i n t h e CTE can produce a s i g n i f i c a n t d i s t o r t i o n i n t h e transmitted signal, which i s t h e primary f u n c t i o n o f ACTS.
For t h e ACTS, properties were required f i r s t f o r t h e lamiThe thermal and mechanical p r o p e r t i e s predicted by ICAN f o r The r e s u l t s presented and discussed demonstrate t h a t I C A N can be used t o perform parametric studies on composite space s t r u c t u r e s producing r e l a t i v e l y accurate r e s u l t s f o r design purposes. The costs along w l t h user and computat i o n a l t i m e s required t o generate these p r o p e r t i e s a r e t r i v i a l I n comparison t o an experimental e f f o r t o f the same size. The method used h e r e i n t o design6. .
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